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ABSTRACT

Despite extensive accounts in the literature describing Barred Owls (Strix varia)
as obligate forest-interior species that are sensitive to development, Barred Owls have
increasingly been found in urbanized landscapes. Due to the limited number of studies on
Barred Owls within the context of development, our understanding of the processes that
facilitate Barred Owls within anthropogenic landscapes is limited. In the Piedmont region
of the southeastern United States, South Carolina, the presence of Barred Owls in suburbs
and small-town centers precipitated our research team to examine which habitat features
facilitate their occurrence near development.
We conducted surveys using callbacks and autonomous recording units within a
300 km2 region centered around Clemson, South Carolina. We used detection/nondetection data to model the influence of habitat features on Barred Owl occupancy along
a development gradient. Tree height was the best predictor of Barred Owl occupancy,
regardless of forest coverage. We did not find Barred Owl occupancy to decline with
increasing impervious surface density.
To further investigate habitat selection at a finer scale, we deployed GPS
transmitters on 20 breeding Barred Owls in our region during a single breeding season.
We selected territories containing a variety of development density and habitat types to
examine predictors of home range size and habitat selection along an urban-rural
gradient. We related nocturnal (foraging) locations to habitat features using resource
selection functions (RSFs). We explored differential use along a development gradient by

ii

modeling interactions between habitat parameters and measures of development in the
home range. After accounting for variation attributable to sex, we found that Barred Owl
home ranges expanded significantly in size with increasing forest fragmentation in the
landscape. Tree height was one of the most important habitat predictors of foraging
selection among the variables we evaluated, thus mature urban canopy could be the key
to Barred Owl presence in developed landscapes. Barred Owls exhibited differential use
based on development in the home range; owls within zones of higher fragmentation had
stronger selection for anthropogenic features, such as roads and forest edges. Although
our findings confirm that certain habitat features, such as tall canopy, are integral to
supporting a breeding population of Barred Owls within development, our results also
demonstrate the plasticity of a forest predator previously described as sensitive to
urbanization. The presence of Barred Owls in developed landscapes suggests that
retaining key habitat features can promote multi-trophic communities even when other
aspects of the habitat are highly altered.
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CHAPTER ONE
KEY HABITAT FEATURES FACILITATE THE PRESENCE OF
BARRED OWLS IN DEVELOPED LANDSCAPES
The following chapter was first published in:
Clement, M. A., K. Barrett, and R. F. Baldwin. 2019. Key habitat features facilitate the
presence of Barred Owls in developed landscapes. Avian Conservation and Ecology
14(2):12. https://doi.org/10.5751/ACE-01427-140212

ABSTRACT
As urbanization continues to transform landscapes, it is imperative to find ways to
conserve biodiversity within fragmented habitats. Forest interior dwelling birds are
particularly vulnerable to development pressures, as they require large tracts of forest to
support their life cycles. Although Barred Owls (Strix varia) are frequently described as
an obligate mature forest species, they have been found in urbanized landscapes. To
determine if certain habitat characteristics, such as mature trees, facilitate the presence of
Barred Owls in developed regions, we modeled Barred Owl occupancy probability along
a development gradient in the Piedmont region of the southeastern United States. We
surveyed for owls by broadcasting conspecific calls to solicit response and by passively
recording at survey sites using autonomous recording units. Detection/non-detection data
were collected during the breeding season and analyzed within an occupancy framework
to investigate patterns of habitat association in our region, while allowing for imperfect
detection of owls. Average tree height was the best predictor of Barred Owl occupancy
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across a development gradient, regardless of forest coverage. We did not find Barred Owl
occupancy to decline with increasing impervious surface density. Our research implies
that developed landscapes containing mature urban trees can support breeding
populations of Barred Owls.

INTRODUCTION
As urbanization continues to transform landscapes, habitat fragmentation has
become a priority concern in wildlife conservation. The ecological implications of
urbanization extend beyond urban cores. Urbanization drives land conversion at the
periphery of cities (Brown et al. 2005), reduces forest patch size (Medley et al. 1995),
contaminates water resources (Arnold and Gibbons 1996; Wang et al. 2001), and results
in decreased habitat and species richness (McKinney 2002). Fragmentation in the forest
mosaic has been shown to reduce avian diversity, particularly in forest interior birds
(Kluza et al. 2000; Hepinstall et al. 2008). Raptors can be sensitive to habitat
fragmentation, as they require large patches of habitat containing diverse prey
(Bosakowski and Smith 1997). However, a number of studies suggest some raptors can
thrive in urban settings, particularly predators of small mammals and birds commonly
associated with development (Estes and Mannan 2003; Chace and Walsh 2006; Rullman
and Marzluff 2014; Millsap 2018).
The Barred Owl (Strix varia) is described as requiring contiguous mature forest
(Johnsgard 2002; Livezey 2007) and has been used as an indicator species for forest
health (McLaren et al. 1998, Hess and King 2002, USDA 2004). As Barred Owls exhibit
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high interannual territorial-fidelity (as reviewed in: Johnsgard 2002), territories must
meet the species’ requirements throughout their life-cycle. Barred Owl habitat
requirements include dense over-story canopy for thermoregulation and daytime
protection from mobbing, large trees with natural cavities for nesting, and an open
understory that provides unobstructed flight paths and exposed prey (Nicholls and
Warner 1972; Haney 1997; Livezey 2007). While Barred Owls use both upland and
lowland habitats, evidence exists that aquatic features offer abundant prey and nest
cavities (Wiens et al. 2014). Many of the habitat requirements for Barred Owls are typical
of contiguous mature forest, thus the species is most often found far from development.
In two comparative studies, Barred Owls were shown to avoid human activity more than
buteo hawks and Great Horned Owls and Eastern Screech Owls (Bubo virgianus and
Otus asio, Bosakowski and Smith 1997), and had stronger negative associations with
forest fragmentation than Great Horned Owls and Northern Saw-whet Owls (B. virgianus
and Aegolius acadicus, Grossman et al. 2008).
Despite extensive accounts in the literature that Barred Owls prefer contiguous
mature forest, several studies have described this species occupying cities in the USA
such as Charlotte, North Carolina (Harrold 2003), Cincinnati, Ohio (Dykstra et al. 2012),
suburbs within Seattle, Washington (Rullman and Marzluff 2014), as well as in the
greater Vancouver region in Canada (Hindmarch and Elliott 2015). In Charlotte, studies
of prey items, fledging survival and dispersal rates demonstrate that wooded suburban
landscapes are supporting a local population of Barred Owls (Harrold 2003; Mason 2004;
Cauble 2008). The birds in this population have higher reproductive success than their
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forested counterparts (Mason 2004), which may be due in part to dietary subsidies of
birds and small mammals attracted to bird feeders (Cauble 2008). The concept that
Barred Owls select for both mature contiguous forest and wooded suburbs seems
paradoxical. Researchers have speculated that older wooded suburbs share similar habitat
structure as mature forest, such as open understory and large street trees (Harrold 2003,
Bierregaard 2018; Fig. 1.1). Despite these similarities, it is evident that these two types of
habitat also provide very different resources to owls, such as prey species available and
unique foraging opportunities such as bird feeders and koi ponds (Harrold 2003; Cauble
2008).
We used an occupancy framework (Mackenzie et al. 2002) to investigate the
habitat associations of Barred Owls along a development gradient in the Piedmont region
of the southeastern United States. We hypothesized that factors related to habitat as well
as the amount of human development would influence Barred Owl occupancy across our
surveyed landscape. Habitat variables included types of forest cover, tree height, and
aquatic features, while development was assessed from percent impervious surface
(Table 1.1).

METHODS

Study area
We conducted surveys along an urban-wildland gradient within a 300 km2 portion
of the Piedmont ecoregion of South Carolina (Fig. 1.2). Development in the region is
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driven by proximity to regional cities of Greenville and Anderson, South Carolina, as
well as large greater metropolitan areas of Charlotte, North Carolina and Atlanta,
Georgia. Several small towns (population size range 3,000 – 13,000) in Anderson,
Oconee, and Pickens Counties were used as the focal area for sampling prospective
Barred Owl habitat in developed areas. These towns are in close proximity to a large
forested tract, the Clemson Experimental Forest (CEF), which includes 7,082 ha of forest.
A portion of the CEF is harvested annually and planted with Loblolly pine (Pinus taeda)
but the majority is recovering hardwood (oak-hickory stands) and native pine forest, used
primarily for education and recreation. The CEF is the largest contiguous block of forest
within 20 km; the remaining landscape matrix is comprised of agriculture, smaller forest
blocks, and residential development. As our study region is estimated to have undergone
a 19.2% population increase since 2010 (U.S. Census Bureau, http://www.census.gov);
this context offered a range of development densities and neighborhood ages that could
be leveraged to assess Barred Owl presence across a range of urban habitat structures.

Sampling sites
Prior to generating survey points, we constrained the potential survey area to
ensure survey efficiency and safety of personnel. First, we applied a minimum threshold
of 40% canopy cover by raster cell (30 m resolution) across our study area using the
National Land Cover Dataset (NLCD) 2011 United States Forest Service Tree Canopy
dataset (Homer et al. 2015). This threshold was intended to remove unsuitable habitat for
owls such as open water, parking lots and farmland. To specify this threshold, we
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extracted minimum NLCD canopy cover from 18 telemetry locations from an urban
Barred Owl dispersal study in Charlotte, North Carolina USA (Mason 2004). We justified
applying data from Mason (2004) to this study because Charlotte is 190 km from our
study region and is also located in the Piedmont province. We further limited our survey
area by constraining it to Clemson University property or public property within 40 m of
paved or forest roads.
Within our study area, we used the Human Modification for North America
dataset (HM-T, modified from Theobald 2013; www.databasin.org) to define the
development gradient (Fig. 1.2). This dataset combines numerous anthropogenic
ecological stressors (such as development, agriculture, and energy production) into a
single index that accounts for both their intensity and footprint while minimizing bias
associated with non-independence of variables (Theobald 2013). The HM-T accounts for
neighboring spatial and landscape attributes; it is a continuous index on a scale from 0 to
1 from complete forest cover to highly urbanized (270 m resolution). We categorized the
HM-T index into five equal bins of 0.20 increments for sampling design purposes.
To generate survey points, we overlaid a 40-m point grid within our study area
and attributed HM-T class to each point. We used the R package “spsurvey” (Kincaid and
Olsen 2016) and the Generalized Random Tessellation Stratified sampling method
(GRTS, Stevens and Olsen 2004) to generate 14 sites within each HM-T class (n = 70).
Using random sampling, we constrained sites to be a minimum of 800 m apart, while
ensuring we retained a minimum of 35% of developed sites with HM-T > 0.40. We
considered 800 m between survey sites to be sufficient to sample different pairs of owls,
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as preliminary GPS data from 12 males we tagged in spring 2019 suggests Barred Owl
home ranges in our study region are an average of 0.5 km2 (>300 locations per individual,
authors’ unpublished data). Barred Owl territories in the Southeast are much smaller than
in the northern and western United States (Odom and Mennill 2010; Bierregaard 2018),
and owl territories in developed landscapes are substantially smaller than territories in
rural areas (Bierregaard 2018). Using the minimum distance and HM-T threshold
described above, we removed 22 sites and retained 48 sites (Fig. 1.2). Due to the rural
nature of the study region, the final distribution of sites was slightly skewed towards low
development; 58% of sites had an HM-T ≤ 0.40 and rural sites were more dispersed than
urban sites. The CEF contained most of the sites that were either densely forested or had
low development.
We used a 400-m radius buffer centered on the survey points as a sampling unit
because it represents the average territory of a breeding male Barred Owl in our region
(~0.5 km2; authors’ unpublished data). This optimized the likelihood of estimating habitat
characteristics directly associated with the owl’s home range. This strategy has been used
by other Barred Owl habitat association studies (Mazur et al. 1997; Dykstra et al. 2012).
A sampling unit is hereafter referred to as a ‘buffer’.

Owl surveys
We collected detection data at survey sites using both audio lure (callback) and
autonomous recording units (ARUs) from 17 January to April 09 2018. Callbacks
surveys have been successful in detecting Barred Owls (McGarigal and Fraser 1985;
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Mosher et al. 1990; Kissling et al. 2010). ARUs have proven to be an effective method to
detect elusive owls generally (Rognan et al. 2012) and specifically Barred Owls
(Shonfield et al. 2018). We started surveys during the courtship period for Barred Owls in
our region (Bierregaard, pers. comm.) to maximize our likelihood of detection, as raptors
are known to be more responsive to callbacks during courtship, incubation, and when
offspring are young (Bosakowski 1987; Kissling et al. 2010). We surveyed each site
using both survey methods during separate sampling occasions. Survey methods did not
overlap to ensure independence between callback and ARU detections. As Barred Owls
maintain territories interannually (as reviewed in: Johnsgard 2002), all detections were
assumed to be resident, territorial breeding pairs.
Callbacks consisted of 15-minutes of Barred Owl vocalizations, altering between
two-phrased hoots and ascending hoots (as described in: Mazur and James 2000); calls
were spaced approximately ten seconds apart. The broadcast was played at 100 dB
measured 1 m from the speaker and incorporated two silent listening periods (~1.5-min)
and one at the end lasting three minutes. We selected the duration of the audio-lure to
optimize Barred Owl detection (McGarigal and Fraser 1985) and we selected broadcast
sound intensity so that sound would not travel past the minimum spacing between sites
(~750 m, Mosher et al. 1990). Callback surveys began one hour past sunset and ended
around 0300 EST. To minimize travel effort and cost, we structured callback survey
order using cluster sampling: surveys began with a random site and continued in the same
cardinal direction from the initial site. We surveyed each site using callbacks on three
separate occasions. After completing a first round of surveys at all 48 sites, we generated
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a new random order to follow for the subsequent round. This sampling method optimized
survey efficiency while reducing any bias related to time of year. It took 30-37 days to
complete a single round of surveys. We recorded survey variables such as ambient noise
and temperature for each site visit (Table 1.2) to account for changes in detection
probability. Although we also recorded variables such as rain and wind, we did not
conduct callback surveys if we felt weather conditions considerably impeded surveyor
detection probability. Callbacks were conducted by two to five experienced surveyors.
We conducted passive acoustic surveys with ARUs using SM2+ Song Meters
(Wildlife Acoustics Inc., Maynard, MA, USA) to increase our detection probability. We
found little information specific to Barred Owls in the literature to guide our sampling
program, so we programmed each ARU to record continuously for 11.5 hours starting at
1900 EST. We set ARUs to record at a sampling rate of 8 kHz in the wav format, with
the gain settings left to factory default (+ 0.0 dB). We tested ARUs prior to deployment
to ensure units and their individual paired microphones were functioning properly. We
deployed a single ARU at each site to record for three consecutive nights and considered
three nights as a single survey occasion. ARUs were secured to a tree at chest height. If a
period of heavy rain occurred during the time of the recording, we recorded an extra day
and discarded the rain date to avoid missed detections due to acoustic masking.
Deployment order was determined randomly without replacement.
We surveyed all 48 sites with callbacks three times. We only surveyed 46 sites
with ARUs, as logistical constraints prevented us from deploying the ARU at two sites.
We manually searched recordings for owl calls using SongScope 4.1.5a, a free
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spectrogram visualization software (Wildlife Acoustics Inc., Maynard, MA, USA).
Recordings were analyzed by nine trained interns, using a randomized assignment order.
Each of the three nightly ARU recordings per site were assessed by different listeners to
ensure the individual’s ability did not bias the entire portion of the encounter history.
Each 11.5-hr recording was visually scanned for at least one hour. All Barred Owl
detections and any unidentified calls were verified by the lead author (MC); MC and a
trained technician also performed random accuracy checks and did not find additional
calls. Only recordings with territorial vocalizations were considered to be occupied (this
includes variations on the two-phrased “who-cooks-for-you” and ascending hoots;
McGarigal and Fraser 1985; Odom and Mennill 2010). Single hoots were not retained as
these are presumed to serve as contact calls rather than territorial display (Odom and
Mennill 2010). In addition, single hoots can easily be confused with barking dogs in
urban settings, especially if faint or distant. We did not use automated acoustic
recognition because existing Barred Owl recognizers have low precision (Shonfield et al.
2018) and human interpreters have higher probability of detection than recognizers for
many species (Venier et al. 2017).

Habitat characteristics
We selected habitat metrics likely to influence Barred Owl occupancy based on
review of the literature (Table 1.1). We used ArcGIS 10.3.1 (Environmental Systems
Research Institute, Inc., Redlands, CA, USA) and a variety of publicly available spatial
datasets to estimate these metrics for each 400-m buffer. We used data from the 2018
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National Wetland Inventory (U.S. Department of the Interior 2018) to calculate wetland
area, excluding open water and large lakes such as Lake Hartwell. We calculated stream
density by extracting total stream length within each buffer using South Carolina’s
Department of Natural Resources (SC DNR) hydrography layer
(http://www.dnr.sc.gov/GIS/gisdownload.html). To build fine-scale landcover classes, we
obtained 0.3–m resolution aerial imagery from three counties in our study region:
Anderson (2017), Oconee (2015), and Pickens county (2016). We used ArcGIS’s Support
Vector Machine (SVM) classifier tool to do a supervised classification on the aerial
imagery. SVM classification can handle small training samples and is more accurate than
maximized likelihood classification in heterogenous urban landscapes (Van der Linden et
al. 2007; Mountrakis et al. 2011). We extracted three habitat variables (deciduous forest,
coniferous forest, and impervious surface) and classified all other features as “other.” We
resampled the output of the classification to 3–m resolution using majority resampling to
smooth out graininess. We created and evaluated 400 accuracy points on this
classification and found our classification to be 90% accurate (kappa index of
agreement). To obtain results comparable beyond our study region, we converted all
landcover variables to densities by dividing length or total area values by the area of
buffers (~0.5 km2).
We estimated average tree height within buffers using airborne Light Detection
and Ranging (LiDAR) data from the 2011 SC DNR Tricounty dataset (NOAA Digital
Coast, 2011). This dataset had an average point density of 2.5 pts/m2 and was collected
between 08 March 2011 and 13 March 2011. We used the LAStools software suite
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(Isenburg 2014) to process LiDAR point cloud data. We classified ground points using
lasground_new, computed elevation using lasheight, extracted tree canopy points using
lasclassify with vegetation height threshold > 2 m. We created two separate raster
datasets with a spatial resolution of 2 m2 for tree elevation and ground elevation, then
subtracted tree elevation from ground elevation to obtain tree height. To account for rapid
land-use change that occurred in our region since 2011, we used a combined layer of
deciduous and coniferous forest extracted from our SVM classification to remove
forested areas that were cleared after the 2011 imagery was generated.

Occupancy analysis
To investigate habitat associations of Barred Owls along a development gradient,
we used occupancy modeling (Mackenzie et al. 2002) to account for imperfect detection
and repeated observations. Using R version 3.5.0 (R Core Team 2018) within R Studio
(RStudio Team, 2016), we used single-season occupancy models with the package
“unmarked” (Fiske and Chandler 2011). We assumed that a single-season approach
would be appropriate for Barred Owls as they are known to maintain established
territories year-round (as reviewed in: Johnsgard 2002). For each site, we kept the three
callback observations as unique sampling occasions but compiled the three-night
recordings of ARUs into a single sampling occasion. Sites that had missing ARU
recordings (n = 2) were kept in our dataset as “NA”, as occupancy modeling allows for
missing sampling occasions.
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We screened for collinearity of site variables using both Pearson’s correlation
matrices at threshold |r| = 0.70 and the variance inflation factor at the vif = 0.30 threshold.
Due to the fragmented and variable nature of our region, we did not find significant
collinearity between any variables (max |r| < 0.51, Appendix A). We scaled and centered
all continuous variables to mean = 0 and variance = 1 prior to analysis.
We used a two-step ad hoc approach (MacKenzie et al. 2006) to select which
detection covariates to include in the occupancy models. We first estimated the effect of
detection parameters by holding occupancy constant, and then incorporated significant
detection covariates in the full occupancy models. As a preliminary step, we ranked
univariate models of callback detection covariates separately from ARU data (Table 1.2),
because callback covariates were time-specific and ARU data spanned three nights. Date
was the only parameter with substantial support in the preliminary assessment of
callback-detection covariates (AICcWt = 0.86, evidence ratio 19.3 between models date
and second-ranked noise), so we incorporated date along with a survey “method”
covariate that represented either callback or ARU as categorical variables for analysis
with the full dataset (Table 1.3). In a second step, we incorporated the top-ranked
detection models for combined callbacks and ARU data in the occupancy models of the
full dataset.
To examine Barred Owl habitat associations along a development gradient, we
used a multiple-working-hypotheses framework (Burnham and Anderson 2002) to
compare eight models (Table 1.4). We suspected riparian corridors would be more
important to owls as urbanization increased, so we included a context-specific riparian
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model that featured an interaction between impervious surface cover and stream density.
We included a conventional model that combined habitat characteristics commonly
associated with Barred Owl habitat in the literature: mature trees and wetlands
(Bosakowski and Smith 1997; Johnsgard 2002). To assess association with forest type
and cover, we evaluated a forest model that included area of deciduous trees and
coniferous trees as two separate covariates. We hypothesized Barred Owl occupancy
would be greater in deciduous forest than in coniferous forest, as they are more likely to
nest in deciduous trees (as reviewed in: Livezey 2007). We added an aquatic model to
investigate whether occupancy probability was primarily driven by wetlands and streams.
We suspected tree height and degree of urbanization would strongly influence occupancy
probability, so we included mature trees (tree height) and urban (impervious surface) as
univariate models.
Prior to running our analyses, we examined if our global model adequately fit our
data using parametric bootstrapping (Burnham and Anderson 2002; MacKenzie and
Bailey 2004). This step ensures candidate models adequately describe the observed data
(MacKenzie et al. 2006). We used the R package “AICcmodavg” (Mazerolle 2017) to
compute the goodness-of-fit test for single season occupancy models based on Pearson’s
chi-square on 1000 iterations. We assumed adequate model fit and did not add an
overdispersion parameter (ĉ) because our p-value was > 0.05 (p = 0.088) and the ĉ was
close to 1. We used an information theoretic approach and Akaike’s Information
Criterion adjusted for small sample size (AICc) to compare relative support among our
competing models using log-likelihoods (Burnham and Anderson 2002). We interpreted
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models with substantial empirical support (D AICc < 2, Burnham and Anderson 2002),
and we considered parameters to be informative if the 85% confidence intervals did not
include zero (Arnold 2010).

RESULTS
We conducted 144 callback surveys (3 visits x 48 sites) and scanned 138 nightly
11.5-hr audio recordings (3 recordings x 46 sites). Using the combined ARU and callback
methods, we detected Barred Owls at 27 of the 48 surveyed sites (56%). Of these 27
occupied sites, 13 (48%) were sites with a Human Modification (HM-T) value above
0.40 (Fig. 1.2). For comparative purposes, the average HM-T is 0.38 for the USA and
0.20 for our study region. We detected Barred Owls at 22 sites using callback surveys
and at 14 sites using ARUs. Only 11 sites had detections from both callback and ARUs.
The detection-only model with the most support included an interaction between method
(i.e., ARU or survey) and date (Table 1.3) and thus the interaction of these covariates was
included in the occupancy models. Average detection probability associated with ARUs
throughout the sampling season was 0.49 (SE ± 0.10), and the average detection
probability using callback surveys was 0.39 (SE ± 0.06). Callbacks became an
increasingly effective survey method as the breeding season progressed, and ARUs were
more effective earlier in the season (Fig. 1.3).
The conventional model and the tree height model were the only occupancy
models among our candidate set that had substantial support (AICc cumulative weight =
0.70). In the conventional model, both tree height and wetland area had positive effects
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on the probability of Barred Owl occupancy (Fig. 1.4). Tree height was a more
informative parameter (b = 0.70, SE ± 0.40, 85% CI = 0.12, 1.28) for Barred Owl
occupancy probability than wetland area (b = 1.31, SE ± 1.14, 85% CI = -0.33, 2.95), as
the confidence intervals of wetland area overlapped zero. However, the addition of the
wetland parameter to tree height in the conventional model improved model fit (Table
1.4). No other model, including the urban and the forest model, were substantially
supported by our data.

DISCUSSION
Although Barred Owls are almost exclusively described as inhabiting contiguous
mature forest, our research demonstrates that Barred Owls can occupy developed areas
provided certain habitat requirements are met. A number of past studies imply Barred
Owls avoid development (Bosakowski and Smith 1997; Grossman et al. 2008), yet
Barred Owl occupancy did not decrease with impervious surface in our study region.
Nearly half of the sites with owl detections were considerably developed (48% had HMT > 0.40). Across the development gradient, we found average tree height was the best
estimator of Barred Owl occupancy probability, which suggests habitat structure is
critical to Barred Owl presence in developed landscapes. Large mature trees are more
likely to provide suitable nest-cavities and nest-availability is frequently described as a
limiting factor for Barred Owls (as reviewed in: Johnsgard 2002). As neither deciduous
nor coniferous forest area were parameters featured in the top-ranking models, tree
maturity appears to be a better predictor of Barred Owl occupancy than total forest
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coverage in our study region. This indicates that individual or small patches of large trees
can meet the habitat requirements of Barred Owls.
We found a weak positive effect of wetland density on Barred Owl occupancy
probability. In a literature review of 144 habitat studies, Livezey found mixed results
concerning the association of Barred Owls with aquatic features (2007); yet in
comparison to other raptors, Barred Owls frequently nest near water (Livezey 2007;
Wiens et al. 2014). Large trees at the periphery of wetlands could provide Barred Owls
additional nesting opportunities, as moist soils can accelerate tree growth and reduce
frequency of fire. Wetlands may also provide abundant foraging opportunities,
particularly during the anuran breeding season. Barred owls will readily take aquatic
prey, and have been known to hunt frogs, fish, and aquatic invertebrates (Hamer et al.
2001; Livezey 2007; Cauble 2008). Barred Owl association with wetlands may depend
on landscape-context, as urban wetlands are often impaired and as a result contain less
richness and abundance of potential prey (Findlay and Houlahan 1997; Knutson et al.
1999). This aspect should be further explored with additional movement studies in a
variety of urban landscapes.
Average detection probability of Barred Owls using callbacks and ARU survey
methods were similar to studies that reported this parameter (Bailey et al. 2009; Kissling
et al. 2010; Shonfield and Bayne 2017). ARUs had higher average detection probability
than callbacks across the survey season; however, ARU samples as defined in this study
compiled recordings from three consecutive nights at each site. When modeling detection
probability, we observed an interaction between the effect of date and survey method. As

17

the season progressed, detection probability increased for callbacks while it decreased for
ARUs (Fig. 1.3). As ARUs passively record without use of a lure, detection probability
should represent the natural vocalization patterns for this species. Owl vocalizations peak
just prior to egg-laying (as reviewed in: Johnsgard 2002), suggesting more frequent ARU
detections should occur earlier in the breeding season. Our ARU surveys were completed
prior to major leaf-out, therefore sound-attenuation from leaves was unlikely to have an
effect on detection probability. In contrast, callbacks became increasingly effective as the
breeding season progressed. Kissling (2010) found a similar positive effect of date on
detection probability for callbacks during the breeding season. While natural calling
behavior decreases as the season progresses, territorial responses to conspecific-calls may
increase when breeding pairs are defending active nests or fledglings.
Although we designed our study to minimize sources of bias, there are limitations
which may have influenced our findings. As survey sites were obtained from random
spatial selection rather than from known cores of owl territories (such as a nest site), we
cannot assume that owls consistently remained within the 400-m radius buffer during the
survey window. Hence, occupancy results at this scale are best described as probability of
“use” rather than occupancy—a recommendation by MacKenzie et al. (2006) that several
comparable studies have employed (Kissling et al. 2010; Shonfield and Bayne 2017).
Future research that evaluates fine-scale owl movements using GPS telemetry will
provide a more robust evaluation of the influence of the predictors considered in our
coarse-scale occupancy analysis.
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While our study demonstrates that Barred Owls occupy certain areas in developed
landscapes, we cannot infer these areas are advantageous habitats or ecological traps
(Schlaepfer et al. 2002). Mason (2004), suggests Barred Owls in downtown Charlotte,
North Carolina, USA, produce more chicks compared to Barred Owls in nearby forested
habitats. Differential productivity may result, in part, because suburban environments can
produce higher biomass of potential prey for raptors than native habitats (Chace and
Walsh 2006). As dietary generalists, Barred Owls feed on abundant rodent and avian prey
in suburban environments (Cauble 2008; Hindmarch and Elliott 2015). In addition, the
open understory of suburban landscapes can provide ideal open foraging habitat, free of
flight obstruction, much like the open understory of a mature forest (Harrold 2003; Fig.
1.1). Despite these advantages, developed settings pose many hazards for Barred Owls.
Predators are exposed to increased bioaccumulation of toxic substances and pesticides
from human activity (Sheffield 1997; Newsome et al. 2010; Henny et al. 2011). In British
Columbia, a study found that rat consumption exposed Barred Owls to anticoagulant
rodenticides (Hindmarch and Elliott 2015), sometimes at levels causing direct mortality.
Barred Owls, like many other birds of prey, are also frequent victims of vehicle
collisions. Recent data from the Carolina Raptor Center (Charlotte, North Carolina, USA)
suggests Barred Owls are some of the most frequent birds of prey to be brought in from
vehicle strikes (Gagné et al. 2015). Demographic studies are needed to determine if the
benefits of developed areas outweigh the costs for Barred Owls.
Our research highlights the ability of Barred Owls to occupy areas that that have
been developed for residential or commercial use, particularly in southeastern wooded
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suburbs (Bierregaard 2018). This finding contrasts historical descriptions of Barred Owl
habitat associations in widely-cited literature reviews (Johnsgard 2002; Livezey 2007).
The plasticity of Barred Owls may have contributed to their rapid invasion into the range
of Spotted Owls in the western US, via corridors of reforested regions accompanying
settlement across the Great Plains (Livezey 2009). Results of our study build upon other
research investigating how certain raptor species can respond positively to urban
landscapes (Rullman and Marzluff 2014; Millsap 2018; White et al. 2018). In a metaanalysis of biodiversity variation of cities across the world, Beninde et al. (2015) found
that urban bird richness in cities was best predicted by tree structure and tree cover. Our
study indicates that mature urban canopy may be critical to sustain Barred Owls in urban
areas. As a tertiary and secondary consumer, Barred Owls may serve the function of an
umbrella species; the management and protection of Barred Owls could indirectly protect
other wildlife sensitive to anthropogenic change (Lambeck 1997; Rubino 2001; Hess and
King 2002). Examining Barred Owl occupancy of urban landscapes may give experts
insight on best strategies to plan for development with higher urban habitat quality
supporting greater biota diversity. Notably, Barred Owls are a highly charismatic and
visible species across our study region. Expanding public exposure and interaction with
this species could prove to be an important basis for a conservation education strategy
focused on appreciation of urban biodiversity (Nilon 2010).
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Table 1.1. Continuous site variables used in occupancy models of Barred Owl habitat
associations in the Piedmont of South Carolina. All variables were measured within 400m radius buffers centered on the survey points. Cover variables were converted to
percentages by dividing the summary value by the buffer area (~0.5 km2). Buffer area
represents the average territory size for male Barred Owls in our region (Clement et al.,
unpublished data).
Variables
DECID

Units
%

CONIF

%

TREE HEIGHT

m

IMPERV

%

WETLAND

%

STREAM

m/km2

Description
Deciduous forest cover, may
increase owl use
Coniferous forest cover, may
decrease owl use
Average tree height, may
increase owl use
Impervious surface cover, may
decrease owl use
Wetland cover, owls may
increase owl use
Stream density (total length in
buffer), may increase owl use
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Data source
Supervised classification of
aerial imagery
Supervised classification of
aerial imagery
2011 LiDAR & supervised
classification forest
Supervised classification of
aerial imagery
National Wetland Inventory
South Carolina DNR
Hydrography

Table 1.2. Detection variables collected during callback surveys for Barred Owls. All
variables were collected on site at the time of survey except for ILLUMI and PASTSSET
which were calculated post-survey using http://www.timeanddate.com.
Variables

Description

Collection method

TEMP

Temperature may influence owl
activity
Precipitation may reduce owl activity
and surveyor detection
Ambient noise may reduce acoustic
detection
Cloud cover may reduce visual
detection
Moonlight illumination may increase
owl activity and surveyor detection
Time of survey may influence activity
of owls and surveyor detection
Day-of-year; seasonality may
influence activity and surveyor
detection
Wind may decrease both visual and
acoustic detection

Celsius, (range: -4º–19º)

PRECIP
NOISE
CLOUD
ILLUMI
TIME
DATE

WIND

EFFORT
PASTSSET

Number of surveyors may influence
surveyor detection
Time past sunset may influence owl
activity
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Presence or absence
Estimate, low or high
Estimate, percent cover
(Lunar altitude >0) × %
crescent; 0 = no moon
Time at start of survey
Julian calendar

Estimate, Beaufort
scale, high (>2) or low
(<2)
High: 3-4 surveyors
Low: 2 surveyors
Decimal hours

Table 1.3. AICc model-ranked results for all models evaluating detection probability
covariates associated with Barred Owl surveys across a development gradient in the
Piedmont of South Carolina. The interactive model (DATE x METHOD) was the best
model and was incorporated in the occupancy models.
Hypothesis

Model

K

AICc

∆AICc

AICcWt

LogLik

Cumm.Wt

interactive
date
null
additive
method

DATE x METHOD

5
3
2
4
3

208.24
209.86
211.28
211.33
212.76

0.00
1.62
3.04
3.09
4.52

0.50
0.22
0.11
0.11
0.05

-98.40
-101.66
-101.17
-103.53
-103.11

0.50
0.73
0.84
0.95
1.00

DATE
--DATE + METHOD
METHOD
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Table 1.4. AICc model-ranked results for occupancy models evaluating various site
covariates associated with Barred Owl habitat associations across a development gradient
in the Piedmont of South Carolina. We considered models with ΔAICc < 2 to have
substantial support (Burnham and Anderson 2002). The interaction of detection
covariates DATE and METHOD was included in all models.
Hypothesis

Model

K

∆ AICc

AICcWt

LogLik

Cumm.Wt

conventional

WETLAND + TREE HEIGHT

7

0.00

0.46

-94.36

0.46

tree height

TREE HEIGHT

6

1.26

0.24

-96.36

0.70

null

----

5

2.73

0.12

-98.40

0.82

aquatic

STREAM + WETLAND

7

3.42

0.08

-96.07

0.90

urban

IMPERV

6

3.75

0.07

-97.60

0.97

forest

DECID + CONIF

7

6.96

0.01

-97.84

0.99

riparian

IMPERV x STREAM

8

7.69

0.01

-96.76

1.00

global

WETLAND + TREE HEIGHT +
IMPERV + STREAM + DECID +
CONIF

11

10.53

0.00

-93.36

1.00
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Figure 1.1. Potential habitat characteristics important to Barred Owls shared by mature
forests and suburban environments. Illustration by Marion Clement.
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Figure 1.2. We surveyed 48 sites in spring of 2018 for Barred Owls in the Clemson,
South Carolina area. Sites were distributed along a development gradient defined by the
Human Modification for North America model (HM-T; Theobald 2013). The Clemson
Experimental Forest (CEF) contained most of the densely forested sites.
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Figure 1.3. Detection probability of Barred Owls varies with the interaction of DATE and
METHOD— callback or autonomous recording unit (ARU). Survey methods began in
early January and ended in early April 2018. ARUs were more effective earlier in the
breeding season, callbacks became more effective as the breeding season progressed.
ARU surveys are a compilation of three consecutive nights of 11.5-hr recordings;
callback surveys are 15-minute observation periods while using conspecific broadcast.
Shaded areas are 85% confidence intervals.
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Figure 1.4. Barred Owl probability of occupancy increases with tree height and wetland
cover in the Piedmont of South Carolina. Wetland cover is categorized for the purpose of
plotting as high (values above upper quantile, > 1.91%) and low (values below lower
quantile, < 0.55%). In the analysis wetland cover was a continuous variable. Occupancy
was predicted from the best-supported conventional model. Shaded areas are 85%
confidence intervals.
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CHAPTER TWO
AN UNEXPECTED BACKYARD HUNTER: BREEDING BARRED
OWLS EXHIBIT PLASTICITY IN HABITAT SELECTION ALONG A
DEVELOPMENT GRADIENT
The material below is a pre-print of an article published in Urban Ecosystems. The final
authenticated version is:
Clément, M. A., K. Barrett, R. F. Baldwin, C. M. Bodinof Jachowski, A. Carter and D.
Brinker. 2020. An unexpected backyard hunter: breeding Barred Owls exhibit plasticity
in habitat selection along a development gradient. Urban Ecosystems.
https://doi.org/10.1007/s11252-020-01031-0

ABSTRACT
Despite extensive accounts in the literature describing Barred Owls (Strix varia)
as obligate forest-interior species, Barred Owls have increasingly been observed in
urbanized landscapes. To determine if certain habitat characteristics, such as mature
urban trees, facilitate the occurrence of Barred Owls in developed regions, we deployed
GPS transmitters on 20 breeding Barred Owls in northwestern South Carolina. We
selected territories containing a gradient of development density and habitat types to
examine predictors of home range size and habitat selection along an urban-rural
gradient. We related nocturnal locations to habitat features using resource selection
functions (RSFs). We explored differential use along a development gradient by
modeling interactions between habitat parameters and measures of development in the
home range. Home range size varied from 0.38 km2 to 3.38 km2; size increased with the
percentage of treeless area in the territory such as agricultural fields and power lines.
Distance to nest, tree height, and distance to canopy edge were the most important
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predictors of owl use. Barred Owl selection for roadsides and aquatic features increased
with degree of fragmentation in the home range. This is the first resource selection study
using GPS data to examine habitat use of Barred Owls in the context of development.
Our results highlight the behavioral plasticity of a species previously described as
sensitive to anthropogenic impacts. The presence of this large avian predator in urban
forests suggests that retaining key habitat features can promote multi-trophic
communities even when other aspects of the habitat are highly altered.

INTRODUCTION
Urbanization is substantially altering ecosystem processes, habitat structure and
landscape composition worldwide (Czech et al. 2000; Marzluff 2001; Marzluff and
Rodewald 2008). In the United States, developed areas are projected to increase overall
by 79% from 1997 to 2025 (Alig et al. 2004), highlighting the importance of examining
whether development strategies can preserve biodiversity within the urban matrix.
Although urbanization is generally associated with the loss of native biodiversity and the
homogenization of communities (Marzluff 2001; McKinney 2002), urban ecologists have
demonstrated that incorporating key habitat features in built-up areas, such as large
greenspaces and mature tree canopy, can expand urban species richness to match or even
surpass that of neighboring natural landscapes (Marzluff and Rodewald 2008; Beninde et
al. 2015; Callaghan et al. 2018).
Urban landscapes pose ecological challenges that facilitate the presence of certain
species while excluding others. Species that are able to exploit urban landscapes as
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ecological opportunities often share behavioral traits, such as higher capacity for
innovation, a wide-ranging diet and higher tolerance to ecological disturbance (Lowry et
al. 2013). Behavioral flexibility (i.e., phenotypic plasticity), the capacity of an individual
to alter its behavior, drives the ability of species to cope with novel prey and disturbances
in urban habitats (Lowry et al. 2013; Sol et al. 2013). A high variation in behaviors across
a population increases the likelihood that a species will tolerate environmental
modifications (Sol et al. 2013). For example, bolder individuals are more likely to
explore novel resources and occur more commonly in urban areas (Lowry et al. 2013).
Raptors are particularly sensitive to habitat loss, as they require large tracts of
productive habitat with ample prey (Bosakowski and Smith 1997; Thiollay 2006;
Rullman and Marzluff 2014). Despite these requirements, several species of raptors
persist and even thrive in urban settings (Kauffman et al. 2003; Millsap 2018). In North
America, Cooper’s Hawks (Accipiter cunicularia), Great-Horned Owls (Bubo virgianus),
and Peregrine Falcons (Falco peregrinus) are well-established in anthropogenic
landscapes (Cooke et al. 2018). Behavioral flexibility is an important component of
raptor adaptation to development (Cooke et al. 2018; Dykstra 2018). Urban-dwelling
raptors sometimes adapt by shifting their diet to more common synanthropic species. The
majority are dietary generalists, enabling them to prey on small mammals and birds near
development (Rullman and Marzluff 2014; Dykstra 2018). Urban raptors often also have
the inherent flexibility to take advantage of anthropogenic infrastructure or alternate
substrates to roost, hunt and nest (Chace and Walsh 2006; Dykstra 2018). Furthermore,
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Boal (2018) indicates that raptors often occur in development types resembling their
natural habitat structure.
In the southeastern United States, Barred Owls (Strix varia) have been
increasingly observed in developed areas (Gagné et al. 2015; Bierregaard 2018; Clement
et al. 2019). Most research describes the Barred Owl as a mature forest-interior species
that avoids development (as reviewed in: Johnsgard 2002; Livezey 2007). However,
Barred Owls have been recently observed breeding in cities in the U.S.A including
Charlotte, North Carolina (Bierregaard 2018), Cincinnati, Ohio (Dykstra et al. 2012) and
in Seattle, Washington (Rullman and Marzluff 2014). Clemson, South Carolina lies
within a rapidly urbanizing portion of the southeastern U.S.A. (Terando et al. 2014). In
this region Barred Owls inhabit suburbs and small-town centers, and their presence in
developed areas is facilitated by taller urban canopy (Clement et al. 2019). Barred Owls
typically nest in large tree cavities (Livezey 2007; Bierregaard 2018); thus a mature
urban forest may be critical to their presence in our region. In this study, we examined
patterns of habitat within owl home ranges to investigate two questions: (1) does the
degree of development influence home range size and (2) which habitat features are most
strongly associated with owl use across a development gradient? We predicted that home
range size would be positively correlated with degree of development. Home range size is
often linked to prey availability and habitat quality (Peery 2000; Lowry et al. 2013; Sol et
al. 2013) and development may degrade suitable habitat for forest owls (Redpath 1995;
Zabel et al. 1995). We also hypothesized that key habitat features, such as tall trees,
would be critical to supporting a breeding population of Barred Owls regardless of the
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degree of development. Finally, we predicted that Barred Owls would exhibit differences
in patterns of selection based on the degree of development in their home range. A
difference in habitat use predicted by degree of development could indicate that this
species exhibits behavioral plasticity that promotes its establishment within humandominated landscapes (Lowry et al. 2013; Sol et al. 2013).

STUDY AREA
We studied Barred Owls within an 88 km2 region located in the Piedmont
province of South Carolina (Fig. 2.1). The study area is located within a matrix of mixed
residential and commercial development, regenerating forest and agriculture. Rapid
population growth in small towns in this area (25.3% since 2010, U.S. Census Bureau
2019) is driven by proximity to regional cities and by the rapidly expanding metropolitan
corridor along Interstate 85, which is predicted to eventually connect Atlanta, Georgia to
Raleigh, North Carolina (Terando et al. 2014). A large tract of forest in the study area
(7082 ha) remains undeveloped and is managed by Clemson University for wildlife,
research, and timber harvest. Wetland and riparian habitats throughout the study area
include a dense network of streams, isolated wetlands and Lake Hartwell, a large
recreational reservoir spanning 22,660 ha.
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METHODS
Identifying owl territories
We selected owl territories with a range of development density, which allowed
us to examine resource selection along an urban-rural gradient. We had prior knowledge
of several occupied territories in sparsely developed areas of our region from previous
surveys (Clement et al. 2019). To find additional territories in developed landscapes, we
engaged with the local community using social media, news publications, and fliers. We
received numerous reports from homeowners describing frequent Barred Owl sightings
on their property. In early spring 2019, we confirmed 22 territories using conspecific
broadcasts in preparation for transmitter deployment. Our primary goal was to target
breeding owls, therefore we prioritized areas where we observed both members of a pair
or aggressive territorial display during our broadcasts.

Capture & transmitters
Prior to capture attempts, we baited owls using the “mousing” conditioning
technique described by Bierregaard and Harrold (2008). Each owl was baited with three
mice per night at the same location and time of day for an average of six consecutive
evenings (Fig. 2.2). This resulted in high capture success (91%) of one or both members
of the pair during our first capture attempt. We used a combination of mist nets and balchatri traps based on site suitability and owl behavior. If owls did not respond to the
mousing technique, we lured owls into mist nets with the help of a custom-made
taxidermied owl outfitted with three mechanical servos controlling its head and wings
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(modified from Jensen et al. 2019). Upon capture, we collected a blood sample (less than
0.05 mL) to sex birds using DNA (processed by DDC Veterinary, Ohio) and owls were
weighed to ensure the individual was large enough to receive a 20 g transmitter. Capture
efforts were permitted under the authorization of the USGS Bird Banding Laboratory
(#22022), South Carolina Department of Natural Resources (#BB-18-16) and the
Clemson University Institutional Animal Care and Use Committee (#2016–081).
We deployed a battery-powered GPS transmitter on one member of each pair in a
territory (PinPoint VHF-450, Lotek Wireless, Ontario, CA). We affixed transmitters to
owls using a backpack harness made of 3/8-in. braided elastic (Bierregaard 2014) with a
thin cotton stitch in the front to create a weak-link (Herring and Gawlik 2010). We
prioritized tracking males, as females generally do not forage during incubation and early
brooding (Forsman et al. 1984; Mazur and James 2000), but we also deployed
transmitters on females if we were unable to trap the male. We tracked owls from the
initiation of courtship through the chick-rearing period (February–July in our region;
Mason 2004), a time of high energetic demand and resource use that is critical to
population stability (Martin 1987). GPS locations were downloaded weekly using a handheld base station (PinPoint Commander, Lotek Wireless). A total of 20 owls were tracked
for approximately four months, the maximum lifespan of our tags based on our fix
schedule. GPS transmitters were programmed to record a single location and activity
reading every two hours.
Our main objective was to capture foraging behavior in our analysis. As Barred
Owls are primarily nocturnal predators, we only used nighttime locations in our analyses
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(Johnsgard 2002). We defined GPS fixes taken after sunset and before sunrise as owl use
locations, and we removed any fixes from our analysis that did not meet this criterion.
Barred Owls use a sit-and-wait technique to forage: owls scan for prey from an elevated
perch (Mazur and James 2000). Thus, we removed potential inflight locations when the
GPS accelerometer recorded activity levels > 0 as these may not be capturing foraging
behavior (Atuo et al. 2019). All GPS fixes of nesting females were omitted until we were
confident that they were no longer brooding chicks and had started to actively forage
away from the nest.
We reduced GPS error by retaining only the fixes that met one of the following
two conditions: (1) a dilution of precision (DOP) ≤ 5 and number of satellites (nSat) ≥ 4,
or (2) nSat ≥6. These thresholds were determined by testing 12 transmitters in a known
location prior to deployment. Transmitters were affixed against a tree 20 ft. high in a
dense pine forest, which we assumed would represent the worst-case scenario for GPS
error. Transmitters recorded a point every 30 min during various weather conditions for
24 h. After examining the correlation between GPS error and both nSat and DOP values
for a total of 306 successful fixes, we established the above thresholds, which reduced the
average GPS error to 20 m (11 m and 33 m for 1st and 3rd quartile, respectively).

Home range size
We estimated breeding home range size using the Brownian Bridge Movement
Model (BBMM, Horne et al. 2007) in R (R Core Team 2018) using the BBMM package
(Nielson et al. 2013). We compared several home range estimators; Kernel Density
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Estimators (KDE) hplugin and hlscv created isolated islands, and KDE href was too inclusive
in several territories (Walter et al. 2015). BBMM proved the most consistent method to
delineate home range boundaries across individuals (Fig. 2.3). The BBMM uses
successive location data taken at short time intervals to generate a utilization distribution
(UD) and includes the probability of use between points. GPS error, distance and time
between relocations are also incorporated into the model (Horne et al. 2007; Fischer et al.
2013). We used a maximum of 2 h (our minimum sampling interval) to estimate
movement bridges between location fixes and we set error to 20 m–the average GPS error
we measured in our pre-deployment tests of the transmitters. As Barred Owls are
territorial, we opted to exclude foray and exploratory behavior from our analyses; thus we
used the 95% isopleth contour of the BBMM to define the home range (Anderson 1982).

Habitat variables
We used ArcGIS 10.3 (ESRI, Redlands, CA) to extract habitat variables from
publicly available geographic information system (GIS) datasets (Table 2.1). We
obtained 1-ft (0.3 m) aerial imagery from 2015 to 2017 from three county GIS
departments in our study region to classify land cover at a 2-m resolution with a 94%
accuracy (Appendix B, Table B.1). Land cover was grouped into one of two categories:
canopy cover or treeless cover. Canopy cover included any single tree or patch of trees
with a canopy area greater than the 2-m resolution of the land cover raster. Treeless cover
included barren/herbaceous cover (mostly consisting of pasture, lawn, and power lines),
cultivated crops, impervious surface and open water (the reservoir). In addition to treeless

46

cover, we also retained impervious surface as a distinct sub-category of land cover.
Treeless cover and impervious surface were used to define two separate measures of
development for our analyses: forest fragmentation and urbanization. We vectorized the
edge between canopy and treeless cover to delineate edge habitat. Aquatic features were
mapped by modifying the National Wetland Inventory (U.S. Department of the Interior
2018) using aerial imagery to improve its accuracy; we kept all aquatic feature types
(open water, emergent wetland, riverine etc.) as a single grouped variable. We included
paved and forest/fire roads from the South Carolina Department of Transportation
(SCDOT 2019). Tree height was estimated using LAStools (Isenburg 2014) and the 2011
SC DNR Tricounty airborne Light Detection and Ranging (LiDAR, NOAA Digital Coast
2011). We removed recently clear-cut areas from the 2011 tree height layer using the
more up-to-date forest/canopy layer we generated from county imagery (Appendix B,
Fig.B.1).

Home range predictor analysis
We assessed the relationship between home range size and measures of
development to evaluate the prediction that owl home range size is larger in areas of
lower-quality habitat (Redpath 1995; Zabel et al. 1995). Degree of development was
defined using two separate measures in the home range: the percentage of treeless cover
(forest fragmentation) and the percentage of impervious surface (urbanization). Treeless
cover was used in addition to impervious surface because it included additional
anthropogenic land uses that owls are unlikely to use (such as crops, golf courses/lawns,
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and power lines). Each of these two measures represented predictor variables in two
separate linear regressions where log-transformed home range size was the response
variable. In both models, sex was an additional fixed variable because we expected males
would have larger ranges than females during the breeding season (Bierregaard 2018).
We used the Akaike information criterion adjusted for small sample size (AICc) to
compare relative support among the two competing models and a null model using loglikelihoods (Burnham and Anderson 2002). We interpreted models with substantial
empirical support (Δ AICc < 2; Burnham and Anderson 2002) and we considered model
parameters to be uninformative if the 85% confidence intervals overlapped zero (Arnold
2010).

Nocturnal habitat selection
To examine patterns of habitat selection for Barred Owls in our region, we used
resource selection functions (RSFs, Manly et al. 2002) to estimate relative probability of
use by comparing habitat measures at used (GPS) and available (random) locations
within the home range (third-order selection, Johnson 1980). RSFs often require
rarefication of data to meet assumptions of independence between locations, resulting in
important loss of data (Koper and Manseau 2009; Fieberg et al. 2010). As our tracked
owls traveled up to 2.6 km between sequential GPS fixes, they could easily traverse their
home range during the shortest time lag between fixes. Thus, we assumed our 2-h time
interval captured independent events of habitat selection and we did not rarify our data
(Swihart and Slade 1997; Otis and White 1999). As Barred Owls are highly territorial
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(Johnsgard 2002; Livezey 2007), we constrained both used and available points to the
95% isopleth contours of each home range. This avoids bias caused by misinterpreting
resources available to individual animals (Manly et al. 2002; Northrup et al. 2013).
Available points were generated for each owl at a rate of four times the number of its
used points. We selected this ratio to minimize bias associated with larger ratios of use to
availability (Northrup et al. 2013) while maximizing computational time, as little change
occurs beyond four controls per case (van Belle 2008). At each used and available point,
we measured distance to canopy edge, distance to road, distance to aquatic feature and
tree height. Tree height was averaged within a 20-m buffer to reduce the influence of
GPS error and to capture the used environment around an owl location. We also included
distance to center of nesting-activity to account for central-place foraging tendencies of
breeding Barred Owls (Rosenberg and McKelvey 1999; Irwin et al. 2018). Centers of
nesting activity were identified using both clusters of GPS fixes and field observations
(Irwin et al. 2018). In addition to these five habitat variables, we also included the
percentage of treeless cover and the percentage of impervious surface within each owl’s
home range to define the degree of development for each territory. All habitat variables
were transformed to z-scores by scaling and centering data. Scaled variables from sample
points were examined for spatial autocorrelation using Pearson’s correlation coefficient;
none were strongly correlated (|r| < 0.37) so all parameters were kept in our analyses.
To generate a population-level RSF, we used generalized linear mixed-effect
models with a logit link (GLMM, logistic regression) and included the transmitter
identifier as a random effect (Gillies et al. 2006; Fieberg et al. 2010). This allowed us to
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specify the individual animal as the sampling unit and to account for individual level
variation in selection via random intercepts. Using the individual animal as the random
intercept in GLMMs also allows for unbalanced designs; coefficients will not be biased
towards the selection of individuals with a larger sample size (Gillies et al. 2006). We
were interested in both additive effects (representing consistent selection across a
development gradient) and interactive effects (differential use based on development
context). To determine whether development influenced habitat use, we modeled the
interaction between a measure of development (% treeless cover or % impervious
surface) and a reduced set of habitat parameters. We hypothesized a-priori that selection
patterns for proximity to aquatic features, canopy edge and roads would vary with
increasing development. We suspected that urban owls may disproportionally use
riparian corridors and wetlands as refugia (Sedell et al. 1990; Dix et al. 1997). We also
speculated that owls in zones of higher development may be specializing in foraging near
features more common in anthropogenic landscapes, such as canopy edges and roadsides
(Lowry et al. 2013; Sol et al. 2013). We ran two separate RSF models for each
development measure. The fragmentation model included tree height, distance to nest,
distance to edge, distance to road and distance to aquatic feature plus interactions
between % treeless cover and one of three habitat parameters: distance to road, distance
to edge, or distance to aquatic feature (Table 2.2). The urbanization model featured the
same parameters but used % impervious surface instead of % treeless cover as the
measure of development in the interaction terms (Table 2.2). We used AIC to rank
relative support between the fragmentation and the urbanization RSF models (Burnham
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and Anderson 2002) and we interpreted variables if the 85% confidence intervals
excluded zero (Arnold 2010).
We validated RSF models using five iterations of k-fold cross validation (Boyce
et al. 2002). We used Huberty’s (1994) rule of thumb to partition our data into a training
sample containing a random subset of 13 owls and a testing sample containing the
remaining seven owls. An RSF was generated from the training sample and coefficients
from this model were used to calculate RSF values (relative probability of selection) for
the testing sample within a 40-m grid. RSF values were then stratified into ten ordinal
bins using quantiles and the number of used owl points (GPS fixes) were tallied within
each bin. We normalized the number of used points by the total area of each bin. We ran
five iterations of data-folds and we used Spearman-rank correlation to assess the
relationship between normalized points and RSF bins (Boyce et al. 2002). A strong
positive correlation indicates high model performance.

RESULTS
We used GPS transmitters to track 20 Barred Owls (n = 11 males, n = 9 females)
during a single breeding season (February–July 2019). Using the mousing technique, we
successfully trapped 17 owls with mist nets and six owls with balchatris. Three owls that
we were unable to train on mice were captured using the robot owl as a lure. We were
unsuccessful in trapping owls using either of these methods in two known territories.
Many of the owls we tracked were in adjacent territories, which showed nearly
continuous use of developed areas in our region (Fig. 2.1). After removing approximately
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8% of successful nocturnal GPS fixes using our DOP and nSat thresholds and an
additional 33% of fixes with activity readings > 0, we retained an average of 258 points
per bird (range = 176–350; 5312 fixes in total).

Home range size and predictors
The 95% BBMM isopleth contours for Barred Owls in our region were an
average of 1.37 km2 (0.38–3.38 km2). Male home ranges averaged 1.85 km2 (0.61–3.38
km2) and female home ranges 0.78 km2 (0.38–1.37 km2). Across individual home ranges,
impervious surface varied from 1 to 31%, and treeless cover varied from 4 to 51% (Table
2.1, Fig. 2.1). Home range size was best predicted by a linear regression model that
included both sex and percentage of treeless cover (AICc weight = 0.83, Table 2.3).
Males had larger home ranges than females (ß = 0.62, 85% CI = 0.27, 0.98). After
accounting for variation by sex, increasing home range size was best predicted by
increasing percentage of treeless cover in the home range (ß = 1.95, 85% CI = 0.44,
3.47). The impervious surface model and the null model did not have substantial support
in our analyses (Table 2.3).

Nocturnal habitat selection
We generated an average of 1061 available points per owl using a 1:4 use–
available ratio (21,248 points in total). We only interpreted the fragmentation RSF as it
contained all of the model likelihood (AIC weight = 1) when ranked against the
urbanization RSF using AIC. Patterns of habitat use differed between individuals (e.g.,
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Fig. 2.4), but all habitat parameters we considered except for distance to roads had a
significant effect on Barred Owl habitat use in the fragmentation model (P < 0.0005,
Table 2.2). Distance to center of nesting activity was the most important predictor of use;
Barred Owls used habitat closer to nest sites (Table 2.2). Tree height was a significant
predictor of owl use; owls were more likely to utilize areas with taller trees (Table 2.2).
Owls exhibited higher selection for sites closer to edges across the development gradient
(e.g., Fig. 2.4a). Although selection for edges increased significantly with the percentage
of treeless cover in the home range, the effect size of this interaction was small (Table
2.2, Fig. 2.5a). Selection for distance to roads was context-dependent: owls in home
ranges that were more forested avoided roads, but owls in home ranges with higher
percentage of treeless cover preferred using habitat near roads (Table 2.2, Fig. 2.5b).
Barred Owls also exhibited a positive selection for proximity to aquatic features across
the development gradient (e.g., Fig. 2.4b), and selection increased in home ranges with
higher forest fragmentation (Table 2.2, Fig. 2.5c). Across our five iterations of k-fold
cross validation of the fragmentation model, RSF values from training samples closely
matched the frequency of GPS fixes from owls in testing samples (rs = 0.910; P <
0.0005, Appendix C).

DISCUSSION
While some raptor species are sensitive to development (Bosakowski and Smith
1997; Rullman and Marzluff 2014), Barred Owls exhibit plasticity that may allow them
to inhabit areas previously thought to be unsuitable (Johnsgard 2002; Livezey 2007).
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Certain habitat features, such as tall canopy, promote a breeding population of Barred
Owls in a developed landscape (Clement et al. 2019). In this study, Barred Owl territories
located within development contained up to 31% impervious surface, 51% treeless cover
and 41 km/km2 canopy edge density, highlighting this species’ ability to use fragmented
landscapes. Owl territories were densely packed in our study region, which allowed us to
track 15 owls with adjacent territories. Adjacent territories were distributed in a density
of 1.1 pair/km2, the same density Bierregaard (2018) described for Barred Owls in the
suburbs of Charlotte, NC. Although nest-site selection was not in the scope of our study,
we identified seven nests within 35 m of a residence. This evidence suggests Barred Owls
may be a common backyard predator in our region.
Home ranges in our study were substantially smaller than breeding home ranges
reported in studies located in undeveloped landscapes (2.5–3.0 km2; as reviewed in
Livezey 2007), but similar in size to those described in suburbs of Charlotte, NC (x̄ males =
1.13 km2; x̄ females = 0.66 km2; Harrold 2003). Although the similarity of home range sizes
between Charlotte and Clemson may be in part because these cities share the same
climate and ecoregion, territories tend to be smaller in developed landscapes (Lowry et
al. 2013; Dykstra 2018; Mannan and Steidl 2018). Home range size can be driven by
competition, species-specific needs and individual traits (Börger et al. 2006), but the
primary drivers for home range size in raptors is availability and abundance of prey
(Peery 2000; Dykstra 2018). Developed landscapes can provide abundant synanthropic
prey such as small mammals and birds (Chace and Walsh 2006; Rullman and Marzluff
2014), yet the ability of development to provide abundant prey depends on the type and

54

intensity of anthropogenic modifications (McKinney 2002; Mannan and Steidl 2018).
After accounting for variation attributable to sex, the size of Barred Owl home ranges
increased significantly with the percentage of treeless cover in the home range.
Fragmentation of foraging areas is often associated with increasing size of home range,
because more area is needed to provide an adequate amount of prey (Redpath 1995; Sol
et al. 2013). Large tracts of anthropogenic herbaceous cover such as lawns, crops and
power line rights-of-way are less likely than forests to provide suitable foraging habitat
and prey for a forest predator. In contrast, percentage of impervious surface was not a
good predictor of home range size. Territories with high impervious surface in our region
included a matrix of wooded backyards and suburbs that were more likely to provide
ample prey and canopy cover facilitating the sit-and-wait hunting strategy of Barred
Owls.
Owl use points were stationary nighttime locations collected during the breeding
season, when food demands were high (Martin 1987). We therefore assume that patterns
of habitat use in our analysis likely captured Barred Owl foraging selection (Atuo et al.
2019). Barred Owl selection patterns varied with degree of development in the home
range. Forest fragmentation (i.e., treeless cover) was a better predictor of how Barred
Owls used habitats in the home range than impervious surface. For example, Barred Owl
habitat association with roads ranged from avoidance in areas with low treeless cover to
selection in areas with more treeless cover, but selection for proximity to edge was high
throughout the development gradient. Rullman and Marzluff (2014) also described a
positive association between Barred Owl presence and edge density, yet Barred Owls are
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more commonly described as forest-interior hunters (as reviewed in: Mazur and James
2000; Johnsgard 2002). The capacity of Barred Owls to use edge habitat and roads in our
region may facilitate their presence near anthropogenic landscapes. With more
fragmentation in their home range, Barred Owls were more likely use aquatic features.
Barred Owls readily hunt fish, frogs and crayfish (Hamer et al. 2001; Livezey 2007;
Cauble 2008), thus aquatic habitats may provide a higher density of prey than the
surrounding development. Wetlands provide ample prey during the anuran breeding
season, and riparian zones provide concentrated biomass of birds (Luther et al. 2008),
amphibians and reptiles (Semlitsch and Bodie 2003), bats (Grindal et al. 1999) and small
mammals (Gomez and Anthony 1998). Aquatic habitats may help mitigate the loss of
foraging habitat in zones of high fragmentation for Barred Owls.
Behavioral flexibility is a critical trait for species to successfully coexist in
human-dominated landscapes (Dykstra 2018). Flexibility in foraging and other fitnessrelated behavior may predispose species to adapt to opportunities and risks in
anthropogenic landscapes (Lowry et al. 2013; Sol et al. 2013). Behavioral innovation of
Barred Owls has been documented in suburban habitat, such as predation of goldfish
ponds and hopping along a row of street trees to flush out avian prey (Harrold 2003).
Unfortunately, innovative foraging near roadsides is likely to increase mortality for
Barred Owls (Hager 2009). At a rehabilitation center in Charlotte, NC, Barred Owls are
the most common raptor admitted for injuries from vehicle collisions (Gagné et al. 2015;
Bierregaard 2018). Bierregaard (2018) also noted high turnover of breeding individuals in
Charlotte, suggesting high mortality rates. Mortality caused by anthropogenic risks such
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as cars, power lines, and rodenticide could mean urbanized areas function as ecological
traps for Barred Owls (Mannan and Steidl 2018). However, the high density of breeding
pairs in our region along with the rapid replacement of breeding adults and short dispersal
distance of young in Charlotte, NC, indicate that productivity may outpace mortality for
Barred Owls in developed landscapes (Bierregaard 2018).
After accounting for central-place foraging around the nest-site, tree height was
one of the most important habitat predictors of relative use among the variables we
evaluated. Tree height was previously shown to promote habitat occupancy within our
study region (Clement et al. 2019). Barred Owls may be using developed areas with tall
trees because these areas contain habitat structure consistent with mature forests, and
because mature trees in older neighborhoods are large enough to develop suitable-size
cavities for nests (Harrold 2003; Dykstra et al. 2012; Bierregaard 2018). In mature
hardwood forests, large trees with dense overhead canopy promote an open understory,
which provides high quality hunting habitat for Barred Owls (Haney 1997; Livezey
2007). Manicured landscaping also results in an artificially open understory that may
replicate the habitat structure of mature forests (Harrold 2003; Bierregaard 2018). Parallel
habitat structure between native habitat and urban areas may facilitate presence of raptors
in urban areas (Boal 2018).
The majority of raptor studies compare urban habitat selection and home range
size to those reported in other publications in the literature (as reviewed in: Dykstra
2018); however, we designed our study such that direct comparisons could be made for
owls with territories across a development gradient. Our study also represents
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urbanization as a continuous selection pressure rather than a split categorization of urban
versus rural (e.g., Estes and Mannan 2003; Bozek et al. 2007; Bierregaard 2018).
Increasing development creates a habitat-loss gradient for wildlife (McKinney 2002) and
wildlife may not exhibit a threshold response. Study designs that account for gradients
will allow a more nuanced understanding of how urbanization influences systems.
Our study design and methods did impose some constraints on our analysis and
interpretation of the data. Our GPS locations were accompanied by an average of 20 m of
error, which can be particularly problematic in highly fragmented habitats. We dropped
1287 fixes (9% of our total fixes) that did not meet our error reduction criteria. We
reduced the influence of GPS error on our results by selecting an appropriate scale of
habitat variables in our analysis. Most of our model parameters were measurements of
proximity to a habitat feature, and owl territories are large enough to determine selection/
avoidance despite a 20-m error. The only non-proximal variable (tree height) in our RSF
analysis was averaged within a spatial buffer corresponding to the average GPS error.
Land cover variables were not included in the RSF analysis and were summarized as
proportions in the home range size analysis. Furthermore, based on the features of our
study area and a single season of observation, we could not infer temporal trends such as
whether Barred Owls are persisting in newly developed areas or colonizing suburban
neighborhoods through adaptive behaviors. However, Barred Owls have been described
to have a negative association with development until recently (starting with Harrold
2003). Our observations and those of others in urbanized environments (e.g., Bierregaard
and Harrold 2008; Dykstra et al. 2012) could indicate a recent trend of establishment in
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developed landscapes for this species. Sightings are increasingly reported in the
southeastern and parts of the northeastern United States (Bierregaard 2018). Multi-season
monitoring and assessment of vital rates across a developing landscape would help
researchers better understand the long-term consequences of urbanization on Barred
Owls.
Conserving native wildlife habitat within residential areas could be the best
approach to preserve biodiversity in the context of rapid land-use change (McKinney
2002). Modern landscaping typically involves the removal of leaf litter, understory and
dead wood (Marzluff and Ewing 2001). The reduction of vegetative structure, complexity
and native diversity consequently reduces the biodiversity of birds and other taxa (Savard
et al. 2000; Beninde et al. 2015). As Barred Owls are typically described as sensitive to
anthropogenic modifications, their presence in developed landscapes may shed light on
urban habitat features that promote greater ecosystem function (Rubino 2001; Hess and
King 2002; Hale et al. 2012). Barred Owl habitat selection and occupancy are strongly
affiliated with tall trees, thus mature urban canopy could be the key to their presence in
developed landscapes (Bierregaard 2018; Clement et al. 2019). Retaining key habitat
features within development, such as remnant large trees, is a simple and inexpensive
solution to increase urban biodiversity. Unfortunately, this approach is rarely undertaken
by developers (McKinney 2002). Planning for urban biodiversity has additional benefits
for people and can foster an ecologically informed public (Nilon 2010; Lepczyk et al.
2017). Notably, in our study, participating homeowners expressed a willingness to create
and maintain wildlife habitat on their property. Higher species diversity and active
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participation in conservation has been linked to psychological benefits for people (Fuller
et al. 2007; Nilon 2010). Conservation in developed landscapes will necessitate an
understanding of the features that promote biodiversity as well as community outreach to
communicate to the public why those features matter.
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Table 2.1. Descriptive statistics for two measures of development and four habitat
metrics summarized within owl home ranges. Tree height was averaged within a radius of
20 m, values of zero indicate absence of trees in the radius.
Habitat metrics
Impervious surface (%)
Treeless cover (%)
Average tree height (m)
Edge density (km / km2)
Road density (km / km2)
Aquatic feature cover (wetland / water, %)

Min
0.61
3.79
0.00
2.36
2.63
1.20
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Mean
10.14
33.04
11.51
28.21
8.39
10.67

Max
30.88
51.45
35.33
41.24
14.95
66.04

Table 2.2. Results from models investigating patterns of Barred Owl habitat selection
across a development gradient. Development was modeled as either percentage treeless
cover in the home range (fragmentation model) or percentage impervious surface in the
home range (urbanization model). The fragmentation model contained all of the model
likelihood (AIC weight = 1) when ranked against the urbanization RSF. Distance to
aquatic features, roads, and canopy edge were included as interaction terms with
development as we speculated that owl selection for these features may vary with the
degree of development. Development was included as a main effect for the sole purpose
of modeling interactions, as it was a constant measure within each owl’s home range.
Parameter significance is reported in the table as P values by level of significance:
P < 0.0005 (***), P < 0.005 (**), P < 0.05 (*), or not significant.

Development measure
Fragmentation model
Treeless cover (%)
Model
parameters
Distance to
aquatic feature

Urbanization model
Impervious surface (%)

Estimate

SE

P
value

Estimate

SE

P value

-0.13

0.02

***

-0.15

0.02

***

Distance to road

0.02

0.02

0.05

0.03

Distance to edge

-0.39

0.03

***

-0.25

0.04

***

Distance to nest

-0.59

0.02

***

-0.60

0.02

***

0.29

0.02

***

0.29

0.02

***

-0.07

0.02

**

-0.01

0.02

-0.14

0.02

-0.17

0.03

-0.16

0.02

***

-0.01

0.04

0.13

0.07

*

0.00

0.07

Average tree
height
Development x
dist. to aquatic
Development x
dist. to road
Development x
dist. to edge
Development

***
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***

Table 2.3. Comparison of models evaluating the correlation between Barred Owl home
range size and two separate measures of development using corrected Akaike
Information Criterion. Both sex and the percentage of treeless cover in the home range
predicted home range size. Model support was determined at the ΔAICc <2 threshold
(Burnham and Anderson 2002). Values reported include the number of model parameters
(K), the AICc score (AICc), the difference between the model’s AICc and the AICc of
the bestfitting model in the model set (ΔAICc), the Akaike weight (AICcWt), the
model’s log likelihood (LogLik), and the cummulative Akaike weight from maximum to
minimum Akaike weight (Cumm.Wt).
Home range size models
Sex + treeless cover (%)

K
4

AICc
32.76

Δ AICc
0.00

AICcWt
0.83

LogLik
-11.04

Cum.Wt
0.83

Sex + impervious surface (%)

4

36.03

3.28

0.16

-12.68

0.99

(Null)

2

42.99

10.23

0.01

-19.14

1.00
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Figure 2.1. Home range boundaries for 20 tracked Barred Owls in South Carolina
derived from 95% isopleth contours of Brownian Bridge Movement Models. Land cover
was classified within owl home ranges using aerial imagery with a 94% accuracy; aquatic
features include lakes, wetlands and streams (Appendix A & B).
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Figure 2.2. We used mousing to capture owls in our study, a behavior conditioning
technique described by Bierregaard and Harrold (2008). Barred Owls were trained to take
feeder mice from a platform covered with leaf litter. Based on the typical flight pattern
observed, we placed mist nets at the path of exit; this method produced high capturesuccess rates (91%). Illustration by Marion Clément.
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Figure 2.3. Example of home range estimator methods compared to define Barred
Owl home range boundaries. At the 95% isopleth contour, Brownian Bridge
Movement Models (BBMM) performed better than Kernel Density Estimators (KDE)
with the least-square-cross-validation (hlscv), plugin (hplugin), or reference (href)
bandwidth methods.
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Figure 2.4. Examples in our study region of GPS locations from three Barred Owls that
utilized different habitat types within their home range. Owls used aquatic features such
as unfragmented forest-interior habitat (a), forest edges near hay-pasture (a), or emergentfreshwater wetlands (b).
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Figure 2.5. Significant interactions between predictor variables (P ≤ 0.001) indicated that
Barred Owl habitat use depended on the amount of development (defined in our model as
the percentage of treeless cover in the home range). Each plot displays how relative
probability of use varied as distance to a habitat feature increased. Development was
modeled as a continuous variable but is plotted as high (one standard deviation above the
mean, solid line), mean (long dash) and low (one standard deviation below the mean,
short dash).
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APPENDIX A
Table A.1. Estimated Pearson correlation coefficient of six habitat variables considered
to model Barred Owl occupancy in the southern Piedmont. Due to the highly fragmented
nature of the study region, none of the habitat characteristics considered were correlated
and all were kept in the analysis.
Variable

Wetland

Stream

Tree height

Decid

Conif

Imperv

Wetland

1.00

0.48

0.13

0.09

-0.17

-0.14

Stream

0.48

1.00

0.02

0.35

-0.09

-0.22

Tree height

0.13

0.02

1.00

0.14

-0.01

-0.26

Decid

0.09

0.35

0.14

1.00

0.05

-0.38

Conif

-0.17

-0.09

-0.01

0.05

1.00

-0.51

Imperv

-0.14

-0.22

-0.26

-0.38

-0.51

1.00
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APPENDIX B
Fig. B.1. Spatial methods used to generate two measures of development and two of the
five habitat variables we included in resource selection functions. Distance to aquatic
resources, to roads, and to nest are not included in this flowchart because we used
minimal geospatial processing to generate them (see Habitat variables section of the
manuscript for details).
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Appendix B (continued)
Table B.1. Confusion matrix from 500 random accuracy assessment points to assess the
accuracy of four land cover classes generated from 1-ft aerial imagery using Support
Vector Machine (SVM) classification in ArcGIS 10.3 (ESRI, Redlands, CA). Overall
spatial accuracy from this assessment was 94%.

Land cover class
Impervious surface
Open water
Open land
Canopy cover
Total sample
Type II error
Overall accuracy

Impervious
surface
100
0
2
14
116
0.86

Open
water
0
99
0
0
99
1.00

Open
land
0
1
96
3
100
0.96

Canopy
cover
0
0
2
183
185
0.99

Total
sample
100
100
100
200
500
0.00

Type I
error
1.00
0.99
0.96
0.92
0.00
0.96

Overall
accuracy

94%
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APPENDIX C
Figure C.1. Results from five iterations of k-fold cross validation using model-predicted
values from a training sample of 15 owls to test model performance on five independent
owls. Across iterations, model predicted RSF values correlated significantly with the
frequency of owl locations (rs = 0.91, P< 0.0005). Plot lines represent five individual
iterations, RSF bins are ordinal classes of probability of selection stratified by quantiles.
Area-adjusted used points correspond to the number of used points normalized by the
total area of the RSF bins.
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